(Submitted for publication May 21, 1951 ; accepted June 18, 1951) In previous papers (1, 2) it was demonstrated that the normal pregnant woman subjected to autonomic blockade with high spinal anesthesia develops a marked fall in blood pressure leading to a shock-like state.
Since the blood flow to the kidneys constitutes approximately one quarter of the total cardiac output under resting conditions, it seemed that a study of the renal hemodynamics under high spinal anesthesia might afford the opportunity of examining the response of an important part of the vascular bed to this procedure.
Concurrently with the study of renal hemodynamics it was considered of some interest to extend the observations to the excretion of sodium, chloride and potassium. The relationship between renal hemodynamics and electrolyte excretion is at present controversial, and it was thought likely that additional information regarding this relationship might be derived from the present study.
In order to examine the response of the kidneys to this type of autonomic blockade, it was necessary to use a technique which would be applicable to a period of study of short duration. Thus the immediate response to spinal anesthesia could be followed and observations continued until the blood pressure had almost returned to levels preceding the injection of the spinal anesthetic. Previous studies (3) (4) (5) period of study and that results could be obtained which varied little from individual to individual. Under these conditions sufficiently large urine flows could be obtained in ten minutes to reduce the errors in urine collection and the effects of time lag due to dead space. It should be pointed out, however, that even with this technique such errors cannot be entirely avoided and the results may not accurately reflect short time changes in kidney function. Our own experience (6) with pregnant women before and during high spinal blockade had indicated that the use of water diuresis was not advisable since under these conditions the urine flow is variable and often reaches low volumes insufficient to perform accurate clearances. This was in accord with previous observations in animal and man that water diuresis is inhibited by emotional stress or by afferent stimuli evoked merely by the insertion of a needle into the spinal canal (7) (8) (9) (10) (11) .
Osmotic diuresis with hypertonic mannitol in hydropenia also had several other advantages to offer. The water-conserving capacity of the kidney of the hydropenic individual could be studied both prior to induction of diuresis and following loading, using the standards of comparison which are defined by the flow-load relationship (3, 5) . Three patients received high selective spinal anesthesia to levels of C' with 0.2%o procaine solution according to the method described elsewhere (1) . In the remaining two cases the anesthesia was achieved with 1% procaine solution and a complete motor paralysis to levels of T' was obtained.
Urine and plasma specimens were analyzed for their content of mannitol, PAH, Na, Cl and K, using methods previously described (3). Effective osmotic activity of each specimen of urine was determined by measurement of depression of the freezing point.
RESULTS
In Table I are presented the essential data on five subjects. In it are listed concurrent time, mean readings of systolic and diastolic blood pressure over the period, urine flow, mannitol and PAH clearances and filtration fraction. The data pertaining to electrolytes refer to the concentrations of Na, Cl and K in the urine. The effective osmotic activity of the urine and excreted load per minute are also given. The amount of loading solute (mannitol), its time of injection, and the rate of administration of the sustaining infusion are presented. The amounts of PAH included for measurement of renal plasma flow are also indicated.
Blood pressure and pulse rate. The response of the blood pressure and pulse rate to the spinal blockade followed the same pattern described in other papers (1, 2) . It will be seen that the blood pressure dropped markedly during the first few periods following spinal anesthesia and began to return to control levels at the onset of the last period. The pulse rate showed similar variation. The side effects of the procedure were the same as listed in other papers (1, 2) Figure 1 it will be seen that these cases fit well on the flow-load curve as described previously (3) Renal plasma flow (RPF) . 5 The effect of spinal blockade on renal plasma flow is consistent for all five subjects. In the cases of W. R., F. S. and J. S., following the autonomic blockade no observations were made on clearance of PAH until six to eight minutes after injection of procaine intrathecally. In cases M. G. and M. B. these measurements were made immediately following injection of the anesthetic agent. It will be seen that renal plasma flow sustained a marked drop following the introduction of procaine and that this effect gradually wore off, so that 30-40 minutes after injection of the anesthetic agent the PAH clearances were beginning to approach the control levels.
Glomerular filtration rate (GFR) and filtration fraction (FF). The effect of mannitol clearance closely paralleled that of the PAH clearances. Thus there was no marked change in filtration fraction during the procedure. There was a drop in GFR immediately following the autonomic blockade and a gradual return to control levels within 30-40 minutes.
Renal arterial resistance.6 In addition to the observations already made it will be noted from Figures 2 and 3 
DISCUSSION
High spinal blockade in the normal pregnant woman affords a unique opportunity of studying the response of renal function to a marked drop in blood pressure since this marked drop is not obtained in the normal non-pregnant individual. Smith and his associates (14) studied the effect of spinal blockade in the normal non-pregnant subject and found no consistent pattern in the changes in renal hemodynamics. Hoobler and coworkers (15) made similar observations using tetraethylammonium chloride (TEAC). In both instances the changes in blood pressure were transient or inconstant. Mokotoff and Ross (16) found no alteration in the renal circulation of patients with congestive heart failure subjected to high spinal anesthesia and in whom the blood pressure was maintained at high levels by the use of ephedrine.
Renal function has been studied in patients with essential hypertension following lumbodorsal sympathectomy, spinal anesthesia and renal denervation (17) (18) (19) (20) (21) (22) (23) . The results have varied according to the nature of the procedure and experimental conditions.
In patients with toxemia of pregnancy studied under high spinal anesthesia Turner and Houck (24) found a drop in glomerular filtration rate and renal plasma flow in each instance where there was a significant drop in blood pressure. In most cases the renal resistance was increased. They suggested that constriction of the renal arterioles was produced by some humoral agent following spinal anesthesia. Observations on hemorrhagic shock in man and animal (12, (25) (26) (27) , as well as in the post-syncopal state (28) , have shown a reduction in renal blood flow and glomerular filtration rate and an increase in renal arterial resistance in most cases where there was a significant drop in the systemic blood pressure accompanied by a drop in the cardiac output.
The analysis of the data presented in this paper leaves little doubt that the reduction in renal plasma flow and glomerular filtration rate produced by high spinal anesthesia in the pregnant woman is caused primarily by the marked drop in blood pressure. Nevertheless, calculation of the renal arterial resistance in the five cases studied showed that the spinal blockade did not produce vasodilatation in the renal blood vessels. Instead there was a tendency toward vasoconstriction as is indicated by a rise in the renal arterial resistance. Since the spinal blockade is effective in blocking autonomic vasoconstrictor fibres (1, 29, 30) it must be inferred that this increase in renal vasoconstriction is caused by a compensatory mechanism which is probably humoral in nature. This hypothesis has been suggested previously (1), following the observation that the blood pressure frequently returns to normal levels despite the maintenance of a high spinal anesthesia. Observations on the action of epinephrine under similar conditions of osmotic diuresis (31, 32) have shown that infusion of this agent produces effects similar to those observed here; i.e., a reduction in urine flow, GFR, RPF, and in Cl and Na concentrations. It seems possible, therefore, that epinephrine or an epinephrine-like substance may be lib- erated into the blood stream in response to the shock-like state observed during spinal anesthesia. Theobald, and Theobald and Verney (10, 11) in their experiments on the inhibition of water diuresis by emotional stress concluded that pitressin was responsible for the effects which they observed. In our cases this does not seem likely. The procedures reported here were carried out under conditions of osmotic diuresis in dehydration during which the water-conserving powers of the kidney were being subjected to severe strain and it must be assumed that maximal pitressin-like activity is present prior to induction of the spinal anesthetic. The possibility that these effects are due to liberation of larger quantities of pitressin which then indtuce active renal vasoconstriction is rendered even less likely since, rather than chloruresis which is an effect of pitressin injection, there was a reduction in chloride excretion. It has been suggested (1, 2) that the fall in blood pressure which follows autonomic blockade with high spinal anesthesia is due either to a pooling of blood in the lower extremities with a concomitant decrease in cardiac output or to a generalized blockade of compensatory vasoconstrictor mechanisms. The data presented in this paper show that active vasoconstriction was proceeding in the kidney during maintenance of the anesthesia and, therefore, would tend to negate the hypothesis that there was paralysis of homeostatic vasoconstrictor mechanisms. The gradual return of blood pressure to normal values despite maintenance of anesthesia is further evidence of increase in the peripheral resistance despite continuation of the autonomic blockade. We are inclined to the belief, therefore, that the drop in blood pressure is due to diminution of venous return owing to pooling of blood in the lower extremities with subsequent reduction in cardiac output and blood pressure.
Concerning the effects of the autonomic blockade per se on renal function little can be said from the present set of experiments. In animals, after unilateral splanchnic nerve section (31, 32) , osmotic diuresis with mannitol. in dehydration is followed by increased sympathetic discharge to the opposite kidney which we believe is part of the general vasoconstrictor response to maintain blood pressure. This results in a reduction of Na and Cl concentrations on the non-denervated side which also exhibits a reduction in urine flow, GFR and RPF as compared with the denervated side. If epinephrine is then infused into the experimental animal both sides are equalized at or near the level of the non-denervated kidney and both kidneys excrete Na and Cl in reduced concentrations; urine flow, GFR and RPF are reduced on both sides, the filtration fraction remaining constant. Thus epinephrine discharge masks the effects of section of the sympathetic nervous system. The alterations in kidney function described in this paper closely resemble those observed in these experimental animals and are probably not due to blockade of the renal nerves but to discharge of epinephrine or a related substance.
The discrepancies in the time relationship between GFR and electrolyte excretion are worthy of note. In those cases in which they were measured immediately after induction of the spinal anesthetic the GFR and RPF dropped in the first urine collection period after injection of the anesthetic agent. On the other hand, the concentrations of Na and Cl did not drop until several minutes had elapsed after the injection of the spinal anesthetic. The rise in concentration of K, likewise, did not occur until an interval of time elapsed following injection of the spinal anesthetic. Furthermore, despite the return of GFR to control levels by the end of the procedure the concentrations of Na and Cl tended to remain at the reduced level. Thus an overall lack of correlation between GFR and electrolyte excretion is evident.
SUMMARY AND CONCLUSIONS 1. Renal hemodynamics and the excretion of electrolytes were studied during osmotic diuresis in five hydropenic normotensive pregnant subjects before and during high spinal anesthesia.
2. A marked reduction in urine flow, renal plasma flow and glomerular filtration rate was observed during the blood pressure fall following the spinal blockade. The filtration fraction did not change.
3. The excretion of Na and Cl was reduced following the blockade. This reduction did not bear any time relationship to the reduction in glomerular filtration rate. The effect on K excretion was variable.
4. The changes in the renal circulation following the spinal blockade were probably produced by two factors: a) decrease in the renal blood flow due to the blood pressure fall. b) active compensatory renal vasoconstriction mediated by a humoral agent which tended to counteract the blood pressure fall.
5. It is suggested that epinephrine or an epinephrine-like substance might be the agent responsible for the renal vasoconstriction.
6. The present study supports the hypothesis that the blood pressure fall during spinal anesthesia in the pregnant woman is caused by excessive pooling of blood in the lower extremities and decrease in the cardiac output.
